Positron/Gamma-Ray Signatures of Dark Matter Annihilation and 

Big-Bang Nucleosynthesis 



Junji Hisano,^'^ Masahiro Kawasaki,^' ^ Kazunori Kohri,'^ and Kazunori Nakayama^ 

'institute for Cosmic Ray Research, University of Tokyo, Kashiwa 277-8582, Japan 
''institute for the Physics and Mathematics of the Universe, University of Tokyo, Kashiwa 277-8568, Japan 
'^Physics Department, Lancaster University, Lancaster LAI 4YB, UK 
(Dated: June 29, 2009) 

The positron excess observed by the PAMELA experiment may come from dark matter annihi- 
lation, if the annihilation cross section is large enough. We show that the dark matter annihilation 
scenarios to explain the positron excess may also be compatible with the discrepancy of the cosmic 
lithium abundances between theory and observations. The wino-like neutralino in the supersym- 
metric standard model is a good example for it. This scenario may be confirmed by Fermi satellite 
experiment. 



I. INTRODUCTION 



Dark matter (DM) in the Universe is one of the most 
striking clues to the physics beyond the standard model 
(SM). Many methods are proposed for the direct or in- 
direct DM detection and experiments for the DM 
search are reaching to the sensitivities to find an evi- 
dence of the dark matter. Actually the HEAT [2] and 
PAMELA 3 experiments reported an excess of positron 
flux in cosmic rays. While astrophysical sources, such as 
pulsar(s) [1| or a gamma-ray burst are proposed for 
the observed positron excess, it may be also accounted 
for by the high-energy positron injection from the DM 
annihilation [9, [31 . 



Supersymmetry (SUSY) introduces natural DM can- 
didates as the lightest SUSY particle (LSP). Neutrali- 
nos in the SUSY SM are predicted to be the LSP in 
many SUSY-breaking models. The neutralino annihila- 
tion may explain the observed positron excess. How- 
ever, this generally requires the annihilation cross section 
larger than expected from the thermal relic abundance, 
(crw) ~ 3 X lO-^Scm^s^^ 



It should be noted that DM with such large annihila- 
tion cross section significantly affects big-bang nucleosyn- 
thesis (BBN) (See also Ref. Q for early attempts.) 
A small fraction of the relic LSPs still annihilates each 
other and injects high-energy particles into thermal bath 
even after the freezeout epoch, and this may alter the 
abundances of light elements significantly. In this pa- 
per we show that the DM, which is compatible with the 
positron excess, may also solve the discrepancy of the 
primordial lithium abundances between theory and ob- 
servations. The wino-like neutralino in SUSY models is 
an explicit example for such DM. We notice that it may 
be confirmed by the gamma-ray signals from the Galactic 
center by the Fermi experiment. 



II. SIGNATURES OF WINO-LIKE DARK 
MATTER 

Wino is a superpartner for the standard-model SU(2) 
gauge boson. The wino-like neutralino becomes the 
LSP in anomaly-mediated SUSY-breaking models p^ . 
in which the wino mass (jn-^) is directly related to the 
gravitino mass ("13/2) as ~ 400 x m^. The much 

heavier gravitino than the weak scale is welcome from 
a viewpoint of the cosmological gravitino problem 
The gravitino with 7713/2 > 50 TeV decays well before 
the BBN begins, and the gravitino abundance after in- 
flation is not constrained from the observed light element 
abundances. 

Thermal production of winos in the early Universe is 
not much enough to explain the observed DM abundance, 
unless its mass is around 3 TeV J^] . However, even in the 
lighter wino cases, the non-thermal production of winos 
by the gravitino decay may explain it without spoiling 
the BBN. The gravitino number-to-entropy ratio ¥3/2 af- 
ter inflation is given by ^3/2 ~ 2.3 x IQ-i^ (Tj^/lO^ GeV), 
where Tn denotes the reheating temperature of the Uni- 
verse [U, [il. The current wino abundance is almost 
the same as that of the gravitino since the annihila- 
tion of winos is neglected after the gravitino decay, ex- 
cept for the mass range where the non-perturbative ef- 
fect signiflcantly enhances the annihilation cross section 
p^ . Thus the observed DM abundance in the Uni- 
verse is explained by the non-thermal wino production 
if Tr, - 10(9-10) GeV and 777^ - 100 GeV - 2 TeV. This 
value of the reheating temperature is also favored from 
the thermal leptogenesis, which requires Tr > 10^ GeV 

0. 

Now let us discuss observational implications of wino- 
like DM scenario. 



A. Cosmic positron flux 

The wino-like neutralinos mainly annihilate into the 
weak bosons, and yields positrons, anti-protons, gamma's 
and neutrinos in cosmic rays, which may give clues to the 
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DM properties, if detected. In this paper we consider the 
positron and gamma-ray fluxes. We will comment on the 
other signals later. 

Energetic positrons produced by the DM annihilation 
lose their energy quickly through their propagation in the 
Galaxy due to synchrotron emission and inverse Comp- 
ton processes with CMB photons and star light. As a 
result, only positrons from the region within a few kpc 
can reach to the Earth. The propagation of positrons is 
described by the following diffusion equation 15], 
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di 
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dE 



(1) 



[b{E)f{E,x)]+Q{E,x), 



where f{E,x) denotes the positron number density with 
energy E, K{E) is the diffusion constant, and h{E) de- 
notes the energy loss rate. The positron flux at the Earth 
{x = Xq) is given by <^f^\E,XQ) = {c/An)f{E,XQ). 
The source term from the DM annihilation Q{E,x) is 
given as 



QiE,x) = l'^ 
2 mi 



dE 



(2) 



where p{x) is the DM mass density and dNy^ '/dE 
is the fragmentation function of the DM annihila- 
tion products / into positrons. We adopt the so- 
called M2 propagation model [13], where K{E) = 
0.00595 kpcVMyr(i;/l GeV)"-^^^ b{E) = 1 x 10" ^ 
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s"^, L=l kpc (L is the half-height of the diffusion cylin- 
der) and derive the steady state solution of Eq. ^ semi- 
analytically [iTj . 

The positron flux from the DM annihilation is less sen- 
sitive to the global structure of the DM halo density pro- 
flle. However, DM may not be distributed smoothly in 
our Galaxy and there may be clumpy structures in the 
Galactic halo. If this is the case, the positron flux may be 
enhanced 18]. This effect is characterized by the boost 
factor, denoted by Bp- Smooth distribution corresponds 
to Bp — 1, and may reach to ~ 5. 

Fig. [1] shows the positron flux from the wino-like DM 
annihilation using the positron fraction R{E), that is 
the ratio of the positron flux to sum of electrons and 
positrons fluxes. The results of the HEAT and 
PAMELA [1] experiments are also shown. In the eval- 
uation of positron fraction, we include the background 
positron and electron fluxes from cosmic ray simula- 
tions [l^. It is found that the wino-like DM with 
m,^ ~ 200 GeV explains the PAMELA results. Notice 
that the low energy positron flux with energy less than 
< 10 GeV is somewhat uncertain due to the solar mod- 
ulation. 

The ATIC balloon experiment reported an excess of 
the sum of the electron and positron fluxes, whose peak 
energy is around 600 GeV §0] . If we believe the excess, 
the DM mass with 600-1000 GeV is favored. However, 
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FIG. 1: Positron fraction for 



150 and 200 GeV with 



boost factor 2 and 3, as a function of positron energy. HEAT 
and PAMELA results are also shown. 



the ATIC excess may not be so significant if one takes 
into account large uncertainty of the data and also poor 
agreement with other experiments [2l| in the similar en- 
ergy range. Thus, in this paper we consider wino with 
mass around 200 GeV, since this mass range is interest- 
ing from a viewpoint of the cosmic lithium problem, as 
we will see. 



B. Big-Bang Nucleosynthesis 

Even after the freezeout time of the LSPs, a small frac- 
tion of them would still continue to annihilate each other 
and produce high-energy hadrons and photons. Those 
emitted particles by this residual annihilation can change 
the abundances of light elements Q such as D, T, ^He, 
"'He, ^Li, ^Li and ^Be further after/during the BBN. 

High-energy hadrons scatter off the background pro- 
ton and "^He, and induce the hadronic shower [Hi 112], 
which produces copious neutron, D, T and "^He. The 
non-thermally produced neutron and T (or ^He) scatters 
off the background proton and ''He and synthesize D and 
®Li, respectively. This non-thermal neutron also induces 
sequential reactions to reduce ^Be (i.e., ^Li at a later 
time) through ^Be(n, p)^Li(p,''He)'*He (see also Ref. ^ 
for the original idea). 

Gurrently the observational ^Li abundance does not 
agree with the theoretical prediction of the standard 
BBN when we use the baryon-to-photon ratio, 77 = 
(6.225 ±0.170) X 10-1", obtained by WMAP 5-year g^. 
Then, the theoretical value of ^Li is much larger than 
the observational one even if we adopt a relatively high 
value of the observational abundance, logiQ(''Li/H)obs — 
-9.36 ± 0.06 m. See also Ref. ^ for a lower value of 
^Li abundance (logio(^Li/H)obs = -9.90 ±0.06), which 
is much more difficult to fit. This situation has got worse 
when we use an updated reaction rate of ''He('^He,7)^Be 
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[131 ■ As for ^Li abundance, on the other hand, recent ob- 
servation shows that the theoretical value is much smaller 
than that of the observation, (^Li/^Li)obs = 0.046 ± 
0.022 ^2§\. These two discrepancies may be collectively 
called "lithium problem" . In the hadron injection sce- 
nario, however, there is a tendency to solve the lithium 
problem because it can reduce ^Li and produce ^Li as 
explained above. 

It should be also checked simultaneously if the abun- 
dances of the other elements, D, "^He and "^He, meet the 
observational constraints. We adopt both low and high 
values of D/H, Low (D/H)obs = (2.82±0.26}x IQ-^ [ll, 
and High (D/H)obs (S.OStEJj?) x 10"^ The ob- 

servational value of the ^He mass fraction is taken to 
be Fp.ohs = 0.2516 ± 0.0040 [IH with large systematic 
errors [34|. The abundance of the '^He to D ratio is con- 
strained by the observational upper bound, (■^He/D)obs 
= 0.83 + 0.27 PI. 

The allowed region in the plane of the annihilation 
cross section and the DM particle mass is shown in Fig. [51 
For comparison, we show the wino-like neutralino an- 
nihilation cross sections, including the non-perturbative 
effect on the annihilation processes [34|. Even if we 
adopted the low value of D/H, it is found that there is 
still an allowed region at around ^ 250 GeV to solve 
the lithium problem, while satisfying all the constraints. 

If we allow depletion of Li in stars, a larger param- 
eter region is allowed as shown in Fig. [3l In the 
figure we take the Li depletion as A log]^o(^Li/H) = 
0.4A log]^Q(^Li/H) = 0.25 which is implied from study 
of rotational mixing in stars [3^ . In this case it is found 
that the lithium problem is solved even if we adopt the 
small value for the observed ''Li abundance for the wino 
mass around 150 GeV - 300 GeV. Interestingly, the wino- 
like neutralino with this mass range can also explain the 
observed positron excess, as already described. 

The wino-like neutralino with mass around 2 TeV can 
also explain the positron excess due to the enhancement 
of the cross section by the non-perturbative effect [l3| . It 
is consistent with the BBN after the depiction of Li with 
A log]^Q(^Li/H) > 0.25 is taken into account. 



C. Gamma-ray flux from Galactic center 

DM annihilation in the Galactic halo also yields high- 
energy gamma-rays. The continuum gamma-ray flux 
from the neutralino annihilation at the Galactic center 
is expressed as "Sfl 



E 



{av)f 



dN 



(7) 



87rm^ 



dE 



p'mm, (3) 



l.o.s. 



where ■0 is the angle from the Galactic center, l{4>) is 
the distance from us along the angular direction if) and 
dN'j^^ /dE is the fragmentation function of the annihi- 
lation products / into gamma's. The density profile p 
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FIG. 2: Allowed regions at 95% C.L. from observational light 
element abundances in m^-lp-v) plane. The name of each el- 
ement is written in the close vicinity of the line. For ®Li 
and '^Li, regions sandwiched between two lines are allowed, 
respectively. Except for lithiums, each line means the upper 
bound. The total cross section of the annihilation and its ma- 
jor four modes are also plotted. The calculation is performed 
by assuming 100% WW emission for simplicity. 
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FIG. 3: Same as Fig. [2] except for including the depletion of 
lithium (Alogio(^Li/H) = 0.4A logio(^Li/H) = 0.25). 
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FIG. 4: Gamma-ray flux produced by the wino-like DM an- 
nihilation with mass 150 GeV for both NFW and isothermal 
profile, and 200 GeV for NFW profile from the Galactic cen- 
ter within the region -5° < Z < 5° and -2° < 6 < 2°. The 
result of EGRET observation is also shown. 



around the Galaxy is still unknown, and this leads to 
an uncertainty on the gamma-ray flux coming from the 
DM annihilation at the Galactic center. Here we con- 
sider two typical models of the DM halo: the isothermal 
and Navarro-Frenk- White (NFW) profiles [s^l . In Fig. g] 
we show the gamma-ray flux from the Galactic center 
for the wino mass 150 and 200 GeV, which are favored 
from the observed positron excess and the lithium abun- 
dances. We average the gamma-ray flux over the region 
of the Galactic longitude —5° < I < 5° and latitude 
-2° < b < 2°. The EGRET data is also shown [H. 
It is seen that the gamma-ray flux is comparable to the 
EGRET observation depending on the DM density pro- 
file. It is expected that the Fermi experiment [39| may 
discover excess of gamma-rays and confirm the signal of 
DM annihilation if the DM consists of the wino-like neu- 
tralino with mass lighter than 300 GeV. 



III. 



CONCLUSIONS AND DISCUSSION 



The positron flux excess in cosmic rays, which was 
first observed by HEAT experiments and is confirmed 
by PAMELA experiment now, draw a great attention of 
particle physicists, since it may be a striking evidence 
of the dark matter. As an example, the annihilation 
of wino-like neutralino dark matter in the SUSY SM, 
as is realized in the anomaly-mediated SUSY breaking 
models, can account for the positron excess for the mass 



m-^ ~ 150-200 GeV. Interestingly enough, this can also 
solve the current discrepancy of the primordial lithium 
abundances between BBN prediction and observations. 
Such models with large annihilation cross section also 
predict large gamma-ray flux from the Galactic center, 
which may be observed by on-going Fermi experiments. 

Some comments are in order. The annihilation of wino- 
like neutralino yields W^-bosons and they produce anti- 
protons, which should be compared with observations 0]. 
As opposed to the case of positron, the anti-proton flux 
sensitively depends on the choice of the diffusion zone, 
leading to orders of magnitude uncertainty in the resul- 
tant anti-proton flux [40|. Within these uncertainties, 
the anti-proton flux from light wino DM with mass of 
a few hundred GeV is consistent with observations [411] . 
Another constraint may come from the synchrotron radi- 
ation emitted by the electron/ pos itrons from DM anni- 
hilation in the Galactic center [42l. [isj . However, it also 
suffers from large astrophysical uncertainty such as distri- 
bution of the Galactic magnetic fleld, which also leads to 
orders of magnitude uncertainty in the synchrotron flux, 
and it is too early to regard the synchrotron emission as 
a robust constraint on the DM annihilation model [44| . 
Finally, we comment on the neutrino flux coming from 
the DM annihilation, which can also be constrained from 
the observation of Super-Kamiokande [i^ . In the case of 
wino-like neutralino, this constraint is safely satisfled. 

Although we have focused on the wino-like DM case, 
similar analyses can be applied to other DM candidates. 
The Higgsino-like neutralino has about one order of mag- 
nitude smaller annihilation cross section than that of the 
wino, with similar annihilation modes. Thus, in order 
to explain the positron excess by the Higgsino-like dark 
matter, boost factor larger than 10 is required. The 
BBN constraint is easily satisfied in this case though the 
lithium problem is not solved. Generically, non-thermal 
DM production scenarios predict enhancements of 
the indirect signals [13, SI] , and such scenarios may ac- 
count for the currently observed positron excess and cos- 
mic lithium abundances simultaneously. 
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